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Abstract 
Based on the irregular surface of natural joint configurations, the contact and friction behaviors of reciprocating sliding 
between natural cartilage and glass were investigated by the variation of glass gradient angle, preloading time and 
sliding velocity. Contact displacement, contact load and coefficient of friction from natural cartilage and glass in sliding 
were measured by the UMT-2 testing machine. Contact displacements were decompounded by the five-point sliding 
average method to gain cartilage deformation and glass slope. These results showed that cartilage deformation increased 
nonlinearly with time. Gradient angles played an evident role on the contact state of cartilage friction configuration and 
functioned as a positive relation with cartilage deformation and coefficient of friction. Preloading time and sliding 
velocity could enlarge these roles affected by different gradient angles. The instantaneous difference of coefficient of 
friction reflected dissipation energy state at the endpoint of cartilage friction configuration, and the value of the highest 
point was always higher than that of lowest point.  
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1 Introduction 
Natural articular cartilage was a kind of biomaterial located between one skeleton and the other skeleton, 
and played a unique and important role in stress transmission and absorption. Articular cartilage usually 
undergoes complex, varied and often harsh loading conditions, being subjected to both static and dynamic 
loads under the conditions of sliding and rolling, due to the irregular surface of natural cartilage[1]. When 
exterior load was applied, contact load and deformation from cartilage surface would be always changeful[2]. 
Coefficient of friction was a comprehensive feature and output respond of a friction system. It was 
significantly affected by several factors in normal motions, such as the exterior load, preloading time, 
sliding velocity, surface geometrics and lubricants, and so on[3]. There were all involved in the variation of 
contact deformation and energy dissipation with time in the friction motion of two cartilages, and its 
analytical process was more complicated. But the friction experiments between the cartilage pin and 
stainless steel plate or glass plate were widely adopted by most researchers[4~7]. Krishman[8, 9] studied the 
friction motion between natural cartilage and horizontal glass, and found that the coefficient of friction was 
significantly associated with cartilage deformation. However, due to the surface geometrics of natural joint 
configurations, the contact and friction characteristics produced by the friction pair of natural cartilage and 
aslant placed glass were thought to be discussed. There is also no rigorous research on the friction behave 
between natural cartilage and aslant glass. 
In the paper, based on the friction pair of natural cartilage and glass, the gradient angles of aslant placed 
glass were altered to simulate the irregular surface of the natural joint configuration. The gradient angle, 
preloading time and sliding velocity were changed to investigate the contact and friction characteristics 
between natural cartilage and glass. The contact displacement and instantaneous difference of coefficient of 
friction were also investigated. These tasks contribute to understanding the contact state of cartilage friction 
configuration and the tribological behavior of natural joints. 
2 Experimental 
2.1 Materials 
Natural articular cartilage specimens were removed from the articulating surfaces of a 24 month-old 
mature bovine femora using a surgical hand corer and surgical saw. The subchondral bones of all samples 
were retained. These femora surfaces were cut into the cylindrical form of 7.6mm×3.8mm, amounting to 
18 samples. Each sample consisted of the pure cartilage layer with an average thickness of 1.5mm±0.2mm, 
and retained bone layer of about 2mm±0.3mm in thickness. The surface of cartilage samples were kept 
horizontal by polishing the underside of the subchondral bones. Cartilage specimens were placed in saline 
solution, and stored at -20oC with low-temperature iced container. Maroudas[10] confirmed that lower 
temperature storage did not influence mechanical properties of natural cartilages. Prior to testing, the 
cartilage samples were thawed at room temperature naturally, and then immersed into the bovine serum for 
at least 3h. The concentration of used bovine serum was 25%. 
2.2 Experimental methods  
The friction testing of natural cartilage and glass configuration was performed on a UMT-2 testing 
machine (Center for Tribology, USA), as showed in Fig.1. A pin was employed to link the tool holder and 
the metal fixture, and the upper cartilage sample was bonded to the metal fixture by the 502 Glue. The 
centers of the tool holder, the pin and the metal fixture were placed in alignment. The glass was fixed to the 
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bottom of the bath made of stainless steel. When cartilage surface and glass began to contact or sliding, 
contact displacement, contact load and coefficient of friction were measured by the strain gauge sensor of 
testing machine. Several pieces of the thin stainless steel were inserted to the gap between the glass and bath 
bottom to simulate different gradient angles ranging from 0o to 9o. 
 
Figure 1 Schematics for a testing experiment of natural cartilage and glass configuration 
In the motion of bovine knee joints, the joint surface could support about stress areas of 0.5~4MPa[5]. 
The exterior load applied was 4.6kg, and the corresponding average stresses were about 1MPa. Three 
sliding velocity of 0.5mm/s, 1mm/s and 2mm/s were employed to investigate the relevance of sliding 
velocity and cartilage friction properties when the sliding offset L was 10 mm. The sliding velocities were 
carried out by the computer program of the testing machine. The cartilage samples were immersed in the 
bovine serum with the preloading time ranging from 1s to 5min. Each group tests were all performed three 
times. When the experiment ended, the cartilage samples were unloaded and immersed in the bovine serum 
for about one hour to make the fluids reenter the cartilage inside, and then began the next test. 
Contact point was an interface point between natural cartilage and glass, as shown in Fig.2 of the point A. 
The displacement reference point was defined when natural cartilage and glass began to contact in the initial 
stage. Contact displacement was the vertical displacement of moving contact point relative to the reference 
point, as showed in Fig.2. In planar coordinate, the vertically downwards direction was defined as the 
positive axis. Contact displacement was composed of cartilage deformation and glass slope of cartilage 
friction configurations. Five-point sliding average method [11] was adopted to decompose contact 
displacement to acquire two parts. 
 
Figure 2 Contact schematics of the friction configuration between natural cartilage and glass 
3 Results 
3.1 Contact displacement 
Fig.3 showed that contact displacement, cartilage deformation and glass slope varied with time for the 
cartilage friction configuration. Cartilage deformation increased nonlinearly with time, and its value was 
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0.077mm. Glass slope varied periodically and linearly with time. The maximum and minimum of the glass 
slope were measured to calculate the slope height. Hence, the gradient angle 5.4o was obtained according to 
sliding offset. Contact displacement was related with glass slope, and fluctuated with time. In the positive 
direction, contact displacement decreased gradually while it increased in the negative direction. 
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Figure 3 Contact displacement and its parts varied with time for cartilage friction configuration 
Fig.4 showed that the glass slopes varied with time under the different gradient angles. Glass slope 
changed periodically and linearly with time. More glass slopes resulted in higher gradient angles. Contact 
displacement and its parts varied with time under different preloading times, as shown in Fig.5. Preloading 
time played an evident role on the cartilage deformation, but nothing on the glass slope. With increasing 
time, the deforming ratio got gradually lower. For the sliding time, longer preloading time resulted in lower 
cartilage deformation. When the preloading time was 1s, 1min and 5min, the corresponding cartilage 
deformation was 0.111mm, 0.072mm and 0.036mm, respectively. And the glass slope was always about 
0.54mm.  
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Figure 4 Glass slopes varied with time under the different gradient angles 
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Figure 5 Contact displacement and its parts varied with time under the different preloading times 
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Figure 6 Cartilage deformation varied with gradient angle under the different preloading times 
Fig.6 showed that cartilage deformation varied with gradient angle under different preloading times. 
Cartilage deformation functioned as a negative relation with the preloading time and gradient angle. Longer 
preloading time and higher gradient angle all produced the lower cartilage deformation. The cartilage 
deformation varied with gradient angle under the different sliding velocities, as shown in Fig.7. Cartilage 
deformation functioned as a negative relation with sliding velocities and gradient angle. Lower sliding 
velocities and smaller gradient angle led to bigger cartilage deformation. 
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Figure 7 Cartilage deformation varied with gradient angles under the different sliding velocities 
3.2 Contact load  
The contact loads carried by natural cartilages were different from the exterior loads, as showed in Fig.8. 
When exterior load was 4.6kg, the measured contact load periodically fluctuated from 6.07kg to 3.05kg in 
the center of 4.6kg. Fig.9 showed that contact load varied with time under the different gradient angles. The 
amplitude of contact load was greatly associated with gradient angle. Larger gradient angle produced larger 
amplitude of contact load. When the gradient angle was 8.3o, 5.8o and 3.5o, the corresponding contact load 
amplitude was 5.88kg, 3.52kg and 1.34kg, respectively. Contact load increased firstly and then decreased. 
Under the same gradient angle, preloading time had little effect on the contact load, as shown in Fig.10. 
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Figure 8 Schematics of the difference between exterior and contact load 
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Figure 9 Contact loads varied with time under the different gradient angles 
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Figure 10 Contact loads varied with preloading time of the same gradient 
Fig.11 showed that contact loads were significantly influenced by the different sliding velocities. Higher 
sliding velocities led to more amplitude about the contact loads. When the gradient angle of 5.4o and the 
sliding velocities was 0.5mm/s, 1mm/s and 2mm/s, the corresponding load amplitude was 1.09kg, 3.279kg 
and 7.273kg, respectively. The maximums and minimums of contact load varied with gradient angle under 
the different sliding velocities, as shown in Fig.12. Contact loads functioned as a positive relation with 
sliding velocities and gradient angle. Higher gradient angles and sliding velocities produced greater 
amplitude about contact load, but contact load still fluctuated in the center of exterior load 4.6kg. 
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Figure 11 Contact load varied with time under different sliding velocities 
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Figure 12 Maximums and minimums of contact load varied with gradient angle under the different sliding velocities 
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Figure 13 Coefficient of friction and its instantaneous difference varied with time 
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Figure 14 Coefficients of friction and its instantaneous differences varied with the gradient angles 
Fig.13 showed that coefficient of friction and its instantaneous difference varied with time. Coefficients 
of friction from cartilage friction pair were significantly influenced by glass slope and sliding time. In the 
positive direction, coefficient of friction sharply ascended and decreased suddenly, then became slowly. At 
the end of positive direction, sliding velocity suddenly shifted to zeros, and tangential resistant force in 
cartilage friction configuration changed rapidly to produce the instantaneous difference of coefficient of 
friction (COF). In the negative direction, coefficient of friction ascended gradually as a whole. Based on the 
distance point of 10mm far from the displacement reference point A, the sliding time shifted from 101.16s 
to 101.37s, and the coefficient of friction altered from -0.0016 to 0.1006 suddenly. The instantaneous 
difference was 0.099. The instantaneous difference of COF functioned as a wavy increase with time. In the 
cycle of positive direction and negative direction, the coefficient of friction of the former was obviously 
lower than that of the latter .Coefficient of friction functioned as a positive relation with sliding time. As the 
same position of 9mm was far from the displacement reference point, the coefficient of friction increased 
with sliding time. The coefficient of friction was 0.06, 0.069, 0.078 and 0.085 when sliding time was 9.21s, 
69.84s, 130.49s and 191.11s, respectively. Fig.14 showed that the coefficient of friction and its 
instantaneous difference varied with the gradient angle. Bigger gradient angle produced higher value in 
coefficient of friction and its instantaneous difference.  
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3.3 Coefficient of friction and its instantaneous difference  
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Figure 15 Coefficient of friction and its instantaneous difference varied with time under different preloading times 
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Figure 16 Coefficient of friction and its instantaneous difference varied with time under different sliding velocities 
Fig.15 showed that coefficient of friction and its instantaneous difference varied with time under the 
different preloading times. Coefficient of friction functioned as a positive relation with the preloading time. 
When sliding time was 85s and the preloading time 1s, 1min and 5min, the corresponding coefficient of 
friction was 0.067, 0.073 and 0.096, respectively. When sliding time was up to 185s, the coefficient of 
friction of each preloading time shifted to 0.081, 0.087 and 0.107, respectively. The coefficient of friction 
ascended gradually in the positive direction, but in the negative direction the coefficient of friction varied 
with preloading time. When preloading time was 1s and 30s, the coefficient of friction initially decreased 
and then increased. For other preloading times, the coefficient of friction ascended gradually all the time. 
Preloading time played an evident influence on the instantaneous difference of COF. Longer preloading 
time always produced the instantaneous difference of larger amplitude. The instantaneous difference from 
the negative direction to the positive direction was always higher than that from the positive direction to the 
negative direction. The coefficient of friction and its instantaneous difference varied with time under the 
different sliding velocities, as shown in Fig.16. Coefficient of friction and its instantaneous difference 
functioned as a positive relation with sliding velocities. Higher velocities brought about greater value in the 
coefficient of friction and its instantaneous difference. 
4 Discussion 
The natural bovine cartilages were porous material containing high proportion of water, and the behavior 
of cartilage deformation was contributed by fluid movement inside the cartilages [12]. At the initial stage of 
the preloading or sliding motion between the natural cartilage and glass configuration, the exterior load was 
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mainly carried out by the fluid phase, and the internal fluid was expelled faster. So the cartilage deformation 
increased rapidly, and the exterior load was transferred to the solid phase of the cartilages. A few minutes 
later, the fluid outflow rate decreased gradually, which produced slower increase in the cartilage 
deformation, and its solid phase would support more external load. Thereby, cartilage deformation increased 
with the sliding time, as shown in Fig.3 and Fig.5. Larger cartilage deformation improved the load carried 
by the solid phase and the contact probability between cartilage matrix and glass. These results led to 
increase the coefficient of friction with the sliding time as a whole, as shown in Fig.13~Fig.16. The glass 
slope was directly controlled by the slope angles of the aslant placed glass, and had nothing with preloading 
time and sliding velocities, as show in Fig.4 and Fig.5. Due to the reciprocating motion, glass slope varied 
periodically with time. 
Gradient angle was one of most important factors affecting the friction behavior between natural cartilage 
and glass. Fig.2 showed that contact schematics of cartilage friction configuration under the different slopes. 
Sliding process was initially up direction and then down direction periodically. 
Contact load was significantly affected by the gradient angle. In the up direction, contact load grew 
ascending gradually. But in the down direction, contact load gradually decreased, as shown in Fig.8 and 
Fig.9. From the results in Fig.9 and Fig.12, contact load turned stably when the gradient angle was 0.2. The 
change in the coefficient of friction and its instantaneous difference of gradient angle 0.2 was significantly 
less than that of higher gradient angles, as shown in Fig.14. Changes of gradient angle could directly affect 
the contact load of cartilage friction configuration. Sliding velocity could aggravate this changing process 
for the contact load. However, contact load fluctuated in the center of the exterior load. Load wavy 
amplitude functioned as a positive relation with the gradient angle and velocity, as shown in Fig.9 and 
Fig.12. 
The action energies of friction pair system by exterior load were divided into three parts. They were 
cartilage kinetic energy, cartilage potential energy and dissipated energy by friction pairs. Under the 
conditions of the smaller load, lower velocity and fluid lubrication, cartilage’s wear rate was extremely low. 
So the dissipated energy by friction pair could be neglected. According to the planar coordinate in Fig.2, the 
cartilage sample slipped from high state to low state in the up direction, and the cartilage potential energy 
increased with time. Part cartilage’s kinetic energy would be turned to potential energy, and the 
corresponding friction resistance force gradually increased. Thereby, the coefficient of friction of climbing 
stage got ascending gradually. In the down direction, cartilage slipped from low position to high position, 
and cartilage potential energy reduced. Most of potential energy was turned into cartilage kinetic energy, 
and the corresponding cartilage friction resistance would be decrease gradually. This was also why the 
sliding coefficient of friction of down direction was lower than that of up direction. 
For a friction system of reciprocating sliding, the instantaneous difference of COF was the difference of 
coefficient of friction when sliding velocity changed suddenly at or near the endpoint of sliding offset, and 
reflected the energy changes of the friction system at the endpoint of sliding length. The instantaneous 
difference of COF from down direction to up direction was significantly higher than that from the up 
direction to the down direction. From the perspective of energy action on the friction system, the energy 
overcome by resistance force in the up direction was gradually increasing, and the sliding velocity showed a 
decreasing trend. But in the down direction, the energy overcome by resistance force was gradually 
decreasing, and the sliding velocity showed an increasing trend. Therefore, the dissipation energy at the 
endpoint of up direction with the velocity decreasing to zero and increasing from zero was more than that at 
the endpoint of down direction. As a result, the instantaneous difference of COF in the glass highest point 
was always higher than those of the lowest points according to planar coordinate in Fig.2. 
For the same sliding time and distance, preloading time directly affected cartilage deformation and 
coefficient of friction. More preloading time produced smaller cartilage deformation and higher coefficient 
of friction. Exterior load and sliding velocity played an indirect role on cartilage deformation and coefficient 
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of friction. Faster sliding caused smaller contact deformation and high coefficient of friction. In the same 
sliding displacement, faster velocity produced less sliding time, and then led to smaller cartilage 
deformation. The changes in sliding velocity would result in altering interface shear rate[3]. With the 
growing of sliding velocity, shear rate and interface strength got larger. The coefficient of friction in the 
friction configuration between natural cartilage and glass increased accordingly. 
5. Conclusions 
Contact displacement was composed of cartilage deformation and glass slope, and function as a wavily 
increasing relation with time. Cartilage deformation went up nonlinearly with time. The improvement of 
cartilage deformation could contribute to increase the carried load by cartilage solid phase load and extend 
the contact probability with the glass. This would improve the coefficient of friction in cartilage friction 
configuration. 
The contact state of cartilage friction pairs was significantly influenced by gradient angle. Experimental 
results of load amplitude, cartilage deformation and coefficient of friction all functioned as a positive 
relation with gradient angle. The preloading time and sliding velocity would enlarge the effect of gradient 
angle on cartilage friction pairs. Preloading time functioned as a negative relation with cartilage deformation, 
as a positive relation with coefficient of friction, but had nothing to do with the load amplitude. Sliding 
velocity functioned as a positive relation with load amplitude and coefficient of friction, but as a negative 
relation with cartilage deformation.  
The instantaneous difference of coefficient of friction reflected dissipation energy state at the endpoint of 
cartilage friction configuration, and the value of the highest point was always higher than that of lowest 
point. 
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